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I. INTRODUCTION
The invention and improvement of optical telescopes have greatly facilitated to observe farther and darker objects. However, the narrowband and wideband vibrations of large telescopes caused by wind shaking, equipment vibration and platform vibration seriously affect the closed-loop performance of the system [1] , [2] . Therefore, it is necessary to mitigate vibrations to reach the diffraction limit of the optical telescopes. The application of adaptive optics technology in optical telescopes has greatly improved their ability to mitigate vibrations [3] , [4] . Traditionally, the closed-loop feedback control has a poor ability to mitigate the vibration of optical telescopes, because only the long exposure time of image sensors can obtain the a better signal to noise ratio (SNR) when observing dim and distant objects. Nevertheless, The associate editor coordinating the review of this manuscript and approving it for publication was Zhen Ren . long exposure time brings amount of time delay into the control loop of the tip-tilt mirror [5] , [6] , which restricts the bandwidth of the control loop. Image sensors are generally arrays of photoelectric devices, and their working principle is to integrate the accumulated light in the exposure time T. Obviously, large exposure times are desirable for high SNR images, especially when observing faint stars. The exposure time T imposes the characteristics of the digital control system with T as the sampling time, and the choice of the sample time T limits the largest disturbance frequency that can be compensated for. Thus, the control bandwidth is limited by the Nyquist-Frequency of the control loop [7] . Therefore, the study of new vibration rejection technologies is vital to improving the system performance of optical telescopes. Currently, many new methods of vibration rejections have been developed. For example, the method of disturbance feedforward control, employs some additional inertial sensors (such as accelerometer and fog) to measure disturbances, and then signal reconstruction is used to feed forward the disturbances [8] - [10] . Because the measuring link is independent of the control structure, this method has the advantage of the control loop bandwidth without the limitation of the sampling time delay of the image sensor, but it also results in serious disadvantages. Firstly, the introduction of additional measurement equipment increases costs as well as the complexity and measurement difficulty of the system. Secondly, the lowfrequency drift and high-frequency noise of the measuring equipment will undoubtedly reduce the accuracy and performance of the system. Finally, separating the useful signals is difficult, even if accurate disturbance signals can be obtained through highly accurate measuring equipment. Therefore, many improved control structures and some optimized controllers, such as the Linear Quadratic Gaussian (LQG), H ∞ /H 2 controller or the Disturbance Observer (DOB), have been proposed on the basis of disturbance feedforward control [11] - [22] , and the existing research results show that these vibration rejection methods can improve the closedloop performance of a system by 20% ∼ 30% [16] , [23] compared with the conventional proportional-integral controller, while it is difficult to acquire accurate disturbance characteristics and precise dynamic models for minimizing the closed-loop residuals in terms of these techniques, especially large model errors could seriously degrade the performance of the tip-tilt mirror control system performance. Therefore, a modified filter is proposed to remove low-frequency oscillations, and an enhanced notch filter is developed to cope with multiple narrow-band vibrations [24] . A novel concept incorporating the above features is proposed, and wideband vibrations can also be viewed as multiple narrow-band vibrations with similar central frequencies. Motivated by this idea, an improved error-based disturbance observer (EDOB) based on Youla parameterization is proposed to reject wideband vibrations by designing a proper Q-filter to accommodate wideband vibrations when their frequencies can be acquired. Considering the stability and closed-loop performance of the system, this paper proposes a novel Q-filter design method to mitigate wideband vibrations, which is wideband vibrations in optical telescopes that can be considered multiple narrowband vibrations with similar central frequencies, so multiple notch filters can be designed to act simultaneously to mitigate wideband vibrations. In this control mode, there is no extra sensor except the image sensor to implement the EDOB.
The remainder of this paper is arranged as follows. An introduction to the improved EDOB structure of the tiptilt mirror and its stability is given in section 2. In section 3, the design process of the controller is proposed. Furthermore, Section 4 and Section 5 present the simulations and experimental results of this method and section 6 contains the conclusion and prospects.
II. EDOB STRUCTURE OF TIP-TILT MIRROR AND THE STABILITY ANALYSIS
The layout of the tip-tilt mirror system in optical telescopes is illustrated in FIGURE 1 . A ray of light is emitted by a light source, and reflected from the tip-tilt mirror to the image sensor, and the image sensor provides the line of sight errors (position errors) to control the tip-tilt mirror.
The classic control structure of tip-tilt mirror only includes a feedback position loop is shown in FIGURE 2, where R(s) is the target input, Y (s) is the output of the system, E(s) is the tip-tilt error from the image sensor, C(s) is the position controller, G(s) is the transfer function of the control plant, e −T 0 s represents the time delay in the control system, and D(s) is the disturbance.
From FIGURE 2, the disturbance rejection ability of the system with the conventional controller can be expressed as shown below.
It can be seen from (1) that the vibration rejection ability of the system under the conventional control structure depends on the high gain of the position controller C(s) and an accurate system model G(s). However, the time delay brought by the image sensor makes it difficult to improve the gain of the controller, and so is to obtain an accurate system model in the high frequency domain. Hence the vibration rejection ability of the system is limited. Then an improved errorbased disturbance observer based on Youla parameterization is proposed to reduce this problem.
Youla parameterization is a method that Youla et al proved in the late 1970s to parameterize a stable controller while ensuring the closed-loop stability of the control system [25] . The basic principle of the method is shown as follows. In the classic feedback control structure shown in FIGURE 2, G(s) can be decomposed into the following form where N (s), M (s) ∈ RH ∞ (RH ∞ represents the set of all stable, regular, and real rational transfer functions), and (2) is a stable right mutual prime decomposition. On the basis of this, suppose that there are two transfer functions, X (s) and F(s), that can guarantee X (s), F(s) ∈ RH ∞ and satisfy the Bezout equation as follows,
Then, all controllers that can stabilize the feedback control system can be expressed as
This is the Youla parameterization, where Q(s) is adjustable. As long as it can satisfy Q(s) ∈ RH ∞ to make F(s) − Q(s)N (s) reversible, the control system will be stable. Therefore, Youla parameterization control structure shown in FIGURE 3(a) can be obtained from (4) . Then, the corresponding improved controller structure designed by the Youla parameterization is depicted in FIGURE 3(b). Q(s) is a designed filter, and G −1 m (s) is the inverse of G(s), which can be implemented in a digital control system. From (4), the equivalent controller depicted in FIGURE 3 (b) can be expressed as follows,
If Q(s), G −1 m (s) and C(s) are rational and stable, C eq (s) is in Youla-Kucrea form, and it will always be a stable controller. Then, the disturbance rejection function of the improved control structure in FIGURE 3(b) can be expressed as below:
Comparing (6) with (1), we easily find that
in the following passage) at the disturbance frequencies. At low and medium frequencies, it is relatively easy to obtain an accurate system model G(s), but at high frequencies, it becomes particularly difficult, so Q(s) has to feature a low-pass filter to suppress the high-frequency dynamics and noise to make
In this case, the closed-loop stability of the control system in FIGURE 3(b) can be satisfied.
In addition, the closed-loop transfer function of the improved controller can be derived as follows, (7) as shown as top of the next page. If the improved EDOB controller is stable, the poles of B(s) must all be in the left half of the complex plane. The characteristics polynomial L(s) can expressed as (8)
According to the Small Gain Theorem [21] , a sufficient condition for the finite-gain stability of the feedback connection, the output of the system is bounded only if the input of the system is bounded, so J (s) must satisfy the conditions in (9)
Because e −T 0 s G(s)G −1 m (s) − e −T 1 s and 1 + C(s)G(s)e −T 0 s are conservative, only the proper design of Q(s) can ensure the stability of the system, so Q(s) must satisfy the conditions expressed in (10),
The magnitude response of 1 + C(s)G(s)e −T 0 s is equal to the inverse response of the original sensitivity function (1), so it decreases from infinity to one as the frequency increases. VOLUME 8, 2020
in the low-frequency and medium frequency domains where accurate system models can be obtained. Thus, it is obvious that (10) is easy to reach if Q(s) is designed to a low bandwidth that is less than the frequency at which G(s) can be modeled accurately, which is the reason we cannot just insert a band-stop filter corresponding to the wideband vibrations to mitigate them.
III. DESIGN OF Q-FILTER AND PARAMETERS ANALYSIS
In this paper, we propose a new Q-filter based on the optimization of the force design concept to reject wideband vibrations. The wideband vibrations in optical telescopes can be considered as the vibration caused by the interaction of multiple narrow-band vibrations with similar central frequencies, so multiple notch filters can be designed for specific narrowband vibrations. Eventually, multiple notch filters are used to mitigate wideband vibrations at the same time.
According to the aforementioned analysis, it is necessary to develop a notch filter to mitigate narrowband vibrations. Because ESF(jw i ) ≈ 0 at the disturbance frequency w i is the objective, the simplest notch filter can be expressed as ESF(jw) = 1 − w 2 w 2 i in the frequency domain. However,
is non-causal. Therefore, a proposed notch filter to reduce disturbances is given below [24] ,
Here, 0 < λ i < 1 and 1 > α i > 0 are designed parameters. Obviously, the magnitude of ESF(jw) decreases monotonously as the frequency increases when w < w i , while ESF(jw) increases monotonously as the frequency increases when w > w i . In addition, |ESF(jw)| ≤ 1, and |ESF(jw)| has a minimum value of α i at the disturbance frequency of w i . To minimize disturbances, α i needs to be as small as possible.
Q(jw) = 1 − ESF(jw), so Q(jw) in the frequency domain can be written in the following form,
Apparently, the magnitude of Q(jw) increases monotonously as the frequency increases when w < w i , while Q(jw) decreases monotonously as the frequency increases when w > w i , so |Q(jw)| has a maximum magnitude response close to (1 − α i ) < 1 when w = w i . Therefore, Q(jw) is a band-pass filter, and of course features a low-pass filter, so this controller can block the unmodeled dynamics and high-frequency noise.
Let K = |ESF(jw)| and N = |Q(jw)|. The widths w 1 of ESF(jw) and w 2 of Q(jw) can be expressed as follows,
From (13) and (14), the width w 1 of ESF(jw) becomes narrow as K decreases from 1 to 0, while the width w 2 of Q(jw) is the opposite, it becomes wide as N decreases from 1 to 0. In addition, as K and N are fixed values, the widths of w 1 and w 2 will be affected by α i and especially λ i . The bandwidth of ESF(jw) and the bandwidth of Q(jw) will increase as λ i increases. When dealing with wideband vibrations, K should be close to 0, in other words, α i has to be close to 0, and w 1 should be wide enough to mitigate them, so λ i is large enough, which will lead to N close to 1 and w 2 becoming wide at the same time because Q(jw) = 1 − ESF(jw), but the precondition is that the bandwidth of Q(jw) must satisfy condition (10), otherwise, the system will be unstable, so it is unwise and unfeasible to use a notch filter to suppress the wideband disturbance directly. Therefore, in this paper, we try to turn to a new route: the wideband vibration can be regarded as multiple narrowband vibrations with similar central frequencies, then multiple notch filters with different working points are used to mitigate wideband vibrations at the same time, and the bandwidth of the wideband vibrations to be suppressed by each notch filter will be correspondingly narrower than the bandwidth of the total wideband vibrations, so is Q(jw). Thus, the restrictions on α i and λ i will be weaker, and more favorable for condition (10) , in other words, which will be more conducive to maintaining the stability of the system. The multiplicity of (11) and (12) can be expressed in (15) and (16) 
where n is the number of notch filters. From (16) , |MUL_Q(jw)| can be expressed as follows, VOLUME 8, 2020 Due to |Q(jw)| < 1 and |Q(jw)| has similar values at similar frequencies, we can obtain (18) from (17) |MUL_Q(jw)| = n i=1 |Q(jw)| < |Q(jw)| (18) Combining (18) and (10) can indicate that using multiple notch filters is superior to using one notch filter to mitigate wideband vibrations in maintaining system stability. However, criterion (18) is conservative because phase conditions are not considered, so it is necessary to guarantee that C eq (s)G(s)e −T 0 s has enough of a phase margin. C eq (z −1 ) is a stable controller, and the open loop transfer function in 
Actually, to ensure that the closed-loop performance of the system is not affected by the equivalent controller, the phase margin of A(s) has to be greater than 0. To make the analysis simple, C(s) ≈ 1/s and G(s) is approximately equal to 1,
Assuming that there is no delay in the system, A(s) can be expressed as
A(jw) in the frequency domain can be written as follows,
Thus, the phase margin PM (jw) of A(jw) can be expressed as follows,
It can be known from the accumulative relationship in (22) that multiple notch filters acting simultaneously are beneficial to the stability of the system in phase.
IV. SIMULATION AND ANALYSIS
To verify the validity of the method, it is assumed that there are wideband vibrations in the frequency range from 7.5Hz to 12.5 Hz in the tip-tilt mirror system. To mitigate wideband vibrations, we first designed an EDOB_1 controller with a Q-filter incorporating one notch filter with central frequency of 10Hz, which is the central frequency of the disturbance. The ESF(s) and Q(s) are demonstrated in FIGURE 4. The red line represents the ESF(s) and the closed-loop rejection, so it can be seen that the control system has high rejection between 9Hz and 11 Hz, but which is not enough to mitigate the wideband disturbances between 7.5Hz and 12.5Hz. After adjusting α i and λ i , another Q-filter with a wider bandwidth can be acquired, which is described in FIG-URE 5. It can be shown that with the increase of the width of the notch filter, the bandwidth of the Q-filter also improves dramatically, so Q(jw) is closer to 1. This tendency is particularly likely to lead to the instability of the entire system by violating the stability conditions of (10). Therefore, it is not advisable to directly mitigate the wideband vibrations by a wideband notch filter. In this paper, wideband vibrations are subdivided into several narrowband vibrations, and then multiple notch filters are designed to act simultaneously to mitigate them.
Therefore, we designed an EDOB_2 controller with a Q-filter including two notch filters with central frequencies of 8.8Hz and 11.2Hz, and an EDOB_3 controller including three notch filters with central frequencies of 8.5Hz, 10Hz and 11.5Hz. FIGURE 6 and FIGURE 7 show the magnitude responses of the ESF(s) and Q(s) of the EDOB_2 controller and EDOB_3 controllers respectively. As seen from FIGURE 6, the control system with the EDOB_2 controller including two notch filters has high rejection between 8Hz and 12Hz, so the vibration rejection range of the EDOB_2 controller is wider than EDOB_1 controller, but the error attenuation is insufficient near 10Hz. Meanwhile, the vibration rejection and error attenuation of the EDOB_3 controller are sufficient to mitigate the vibrations between 7.5Hz and 11.5 Hz, as depicted in FIGURE 7, leading to the best result of rejecting wideband vibrations in this control system. Moreover, the bandwidth of Q(s) is not be expanded too much when multiple notch filters act simultaneously compared with FIG-URE 5 and FIGURE 7, which is conducive to maintaining the stability of the system. mirrors (Mirror1, Mirror2 and Mirror3), a controller and a position sensitive sensor (PSD). The light emitted from the laser is reflected to the PSD by the PZT mirror, Mirror1, Mirror2 and Mirror3. In this experiment, Mirror 3 not only acts as a reflector but also simulates wideband vibrations. The controller mainly includes an analog digital converter (A/D), a digital analog converter (D/A), power amplifier, and a digital system processor (DSP), and the DSP adopts the PSD signal to realize the controller and power amplifier. Moreover, the PSD is used as the image sensor to receive light and provide the position error to control the PZT mirror. In addition, the sampling frequency of the system is 500Hz.
V. EXPERIMENTAL VERIFICATION
As mentioned above, the disturbances D(s) are wideband vibrations of 7.5Hz to 12.5Hz, as shown in FIGURE 9, and the target trajectory R(s) is a sinusoidal signal with an amplitude of 0.25V and a frequency of 1Hz. The closed-loop errors of the conventional controller (PI), the EDOB_1 controller, the EDOB_2 controller, and the EDOB_3 controller in the As can be seen from FIGURE 10 and FIGURE 11, the resulting errors of the EDOB_1 controller with one notch filter can arrive at a standard deviation (SD) of 7.2264urad, which is 48.7% less than that with the conventional controller (PI) with a SD of 14.0948urad. It is demonstrated that the EDOB_1 controller can be used to mitigate wideband vibrations, but the rejection ability is concentrated around the centre frequency of 10Hz, and it has a narrow vibration rejection bandwidth. Thus, it is necessary to broaden them when mitigating wider wideband vibrations. Furthermore, the standard deviation of the closed loop error of the EDOB_2 controller is 6.1982urad, which is 56% less than that with the conventional controller (PI). In addition, the EDOB_3 controller with three notch filters has the best result, with a SD of 5.0824urad, which is 64% less than that with the conventional controller (PI). The spectra of all the resulting errors under the four different controllers can be seen from FIGURE 11. The vibration rejection ability between 7.5Hz and 11.5 Hz is significantly improved as the number of notch filters increases. The best result is achieved when three notch filters work together in this tip-tilt system. Therefore, wideband vibrations can be mitigated by means of multiple narrow-band notch filters working simultaneously, just as three notch filters can work together to mitigate wideband vibrations of 5 Hz from 7.5 Hz to 12.5 Hz in this tip-tilt control system.
VI. CONCLUSION
In this paper, an improved error-based disturbance observer (EDOB) based on Youla parameterization has been proposed and experimentally verified to mitigate wideband vibrations in optical telescopes. We focus on introducing the improved EDOB structure of the tip-tilt mirror, its stability and the design of the Q-filter. This improved EDOB controller has a low dependence on the system model, so the control system vibration rejection ability is not be restricted by the noise in the loop. The theoretical and experimental results show that this method can effectively mitigate wideband vibrations and improve the vibrations rejection ability of the system. The best result with this improved EDOB controller shows that wideband vibration can be attenuated to 36% of those of the conventional control in the tip-tilt mirror control system. Furthermore, this control method only utilizes an image sensor that only provides position deviation, which is not only economical, but also convenient to implement. Moreover, this method can be used not only in the tip-tilt mirror system but also in other servo control systems because of its simple structure and design process. Next work will concentrate on automatically designing the parameters of the Q-filter, so we first need to perform online identification of the disturbances. 
